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Abstract 
Advanced numerical modeling for cold-formed light gauge steel structures, from manufacturing to the structural 
response under the applied loading, requires the knowledge of the stress-strain behavior of the material over the full 
range of tensile strains. Existing stress-strain models for carbon steels are either only capable of accurate predictions 
over a limited strain range or defined by many material parameters and the values of some material parameters are 
not available in most of existing design codes. Therefore, a new stress-strain relationship for light gauge carbon steels 
up to the ultimate strength is required for the advanced numerical modeling and needs to be modeled on the basis of 
three basic material parameters, the so-called Ramberg-Osgood parameters (the 0.2% proof stress 2.0V , the initial 
elastic modulus 0E  and the strain-hardening exponent n ). This paper presents such new stress-strain models for 
light gauge carbon steels, which are able to describe the stress-strain relationship over the full range of tensile strains 
by using only three basic Ramberg-Osgood parameters. In the present study, the stress-strain data obtained from 
tensile coupon tests reported in existing literatures have been collected and analyzed, and these tested coupons were 
cut from both virgin steel sheets and cold-formed steel sections. The new models have been developed by a careful 
interpretation of these existing experimental data. The accuracy of the proposed models has been demonstrated by 
comparing their predictions with experimental stress-strain curves. 
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1. INTRODUCTION  
Light gauge steel members are cold-formed from light gauge steel sheets or strips which have 
thickness usually ranging from 0.4 mm to 6.4 mm. Light gauge steel sheets or strips are usually produced 
by cold rolling, and some of them may undergo subsequent annealing process. Cold-rolled carbon steel 
sheets possess the round-house type nonlinear stress-strain behavior while the stress-strain curve for cold-
reduced annealed steel sheets exhibits a yield point with a yield plateau.  
The nonlinear stress-strain behavior of steels is commonly described by the Ramberg-Osgood 
relationship. This relationship is defined using the initial elastic modulus 0E , the 0.2% proof stress 2.0V  
and the strain-hardening exponent n . In practice, the definition of n  required the Ramberg-Osgood 
curve to match the measured stress-strain curve exactly at the 0.01% proof stress 01.0V  and the 0.2% 
proof stress 2.0V , so that the Ramberg-Osgood expression can closely approximate the measured stress-
strain curve up to 2.0V . By using n  = 100, the Ramberg-Osgood expression can also be used to 
approximate the bilinear stress-strain relationship of the initial stress-strain curve of sharp-knee type 
materials prior to strain hardening. However, the use of the Ramberg-Osgood expression for higher 
strains can lead to the overestimation of stresses with serious inaccuracy. This has been indicated by 
numerous previous studies on stainless steels (Macdonald et al. 2000; Rasmussen 2003).  
A number of studies have been conducted on the modeling of the round-house type stress-strain 
behavior of stainless steels (Gardner and Nethercot 2004; Macdonald et al. 2000; Mirambell and Real 
2000; Olsson 2001; Rasmussen 2003; Quach et al. 2008) for higher strains. Although a number of stress-
strain models have resulted from these studies, most of them (Gardner and Nethercot 2004; Macdonald et 
al. 2000; Mirambell and Real 2000; Olsson 2001) are capable of predictions either for a limited strain 
range or under the requirement of many additional input parameters which are generally specified in 
existing design codes. Only two recent approaches by Rasmussen (2003) and Quach et al. (2008), 
respectively, are able to provide accurate predictions for stainless steels over the full strain range up to the 
ultimate strain uH  and require the knowledge of only three basic Ramberg-Osgood parameters ( 2.0V , 
0E  and n ). Such similar approach is not yet available for light gauge carbon steels. This paper is 
concerned with the development of new two-stage stress-strain models for light gauge carbon steels, 
which are capable of accurate predictions over full strain range. The new stress-strain models are defined 
by the three basic Ramberg-Osgood parameters only and are based on a careful interpretation of existing 
experimental data.  
2. EXPRESSION FOR THE STRESS-STRAIN MODEL 
The present stress-strain model describes the stress-strain behavior of light gauge carbon steels in two 
stages. For the first stage from zero stress to the 0.2% proof stress 2.0V , the Ramberg-Osgood expression 
is adopted. For the second stage covering the strain range from 2.0H (where 2.0H  is the total strain at 2.0V ) 
to the ultimate strain uH , Rasmussen’s (2003) model with a simple modification is adopted. Thus, the 
expression of the proposed stress-strain model is given by equation (1):  
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In equation (1), m  is the strain-hardening exponent representing a curve that passes through three 
points of 2.0V , uV  and an intermediate stress rV . In the present study, two alternative values of rV  
were allowed: rV = 0.1V or 0.2V (where 0.1V  and 0.2V  are respectively the 1% and 2% proof stresses). 
By imposing the boundary values ( rV , rH ) (where rH  is the total strain at rV ) on equation (1) and 
considering two possible alterative values (i.e. 0.1V  and 0.2V ) of rV , two alternative expressions of m  
are resulted and given by equations (2) and (3) respectively:  
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Thus, the two-stage stress-strain model is defined by equations (1) and (2) [or by equations (1) and (3)]. 
It is desirable to characterize the proposed model using only the three basic Ramberg-Osgood parameters, 
since the values of other parameters 0.1V , 0.2V , uV  and uH  are not always available in existing design 
codes. Therefore, these additional parameters need to be expressed in terms of the basic Ramberg-Osgood 
parameters. Such expressions are presented in the subsequent sections. 
3. TEST DATA 
Totally, 133 sets of tensile coupon test data (including experimental stress-strain curves) available in 
the existing literature (Kaitila 2004; Kesti 2000; Kwon and Hancock 1991; Rasmussen 2006; Rogers and 
Hancock 1996; Wilkinson 1999; Yan and Young 2002; Young and Rasmussen 1995a,b) have been 
collected and analyzed to establish the expressions for 0.1V , 0.2V , uV  and uH  in terms of the parameters 
2.0V , 0E  and n . These coupons were cut from light gauge carbon steel sheets and the flat portions of 
cold-formed carbon steel sections (including rectangular hollow sections and channel sections) with 
various steel grades (including grades G300, G450, G500, G550, C350, C450, S350+Z250 and 
S350GD+Z275). The n  values of the test data range from 4.95 to 667.23, and the values of the non-
dimensional 0.2% proof stress e  (= 02.0 / EV ) range from 0.0018 to 0.0035. 
4. EXPRESSIONs FOR uV  and uH
By a careful interpretation of the existing experimental data mentioned in the preceding section, the 
expressions for uH  and uV  were obtained from the best-fit curves shown in Figures 1 and 2, and they are 
given by equations (4) and (5) respectively:   
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As shown in Figures 1 and 2, equations (4) and (5) can provide predictions with the maximum 
deviations from the test data being about ±35% and ±10% respectively. The effects of these deviations on 
the prediction of the stress at the upper bound strain (which is H =0.02) for general structural response are 
examined in Section 7.  
5. EXPRESSIONS FOR 0.1V  AND 0.2V
By a similar data analysis, the expressions for 0.1V  and 0.2V  were also obtained from the best-fit 
curves shown in Figure 3, and they are given by equations (6) and (7): 
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Equations (6) and (7) provide predictions with the maximum deviations from the test data being about 
±5% and ±6% respectively. Due to these small errors in equations (6) and (7), the value of m  calculated 
from equation (2) or (3) may be smaller than unit in certain cases or cannot be defined as a result of 
negative values of the antilogarithms in equations (2) and (3). Such conditions are not valid. Therefore, by 
considering the condition 1tm  for a valid stress-strain curve, equations for determining the values of 
0.1V  and 0.2V  are finally proposed as:  
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In equations (8) and (9), min( 1a , 2a ,..., na ) represents a function returning the minimum value in a set 
of numbers ( 1a , 2a ,..., na ), emp 1.0,V  and emp 2.0,V  are the values determined from equations (6) and (7) 
respectively, and the values of uH  and uV  are given by equations (4) and (5) respectively. 
 
(a)  For n   8 (b)  For 8 < n < 16 and 01.0V < 320 MPa 
(c)  For 8 < n < 16 and 01.0V t 320 MPa 
 
(d)  For n  t 16 
Figure 1: Relationship between 2.0HH u  and e1 . 
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Figure 2: Relationship between uVV /2.0  and e . 
(a)  rV = 0.1V  (b)  rV = 0.2V  
Figure 3: Relationship between 2.0/VV r  and )/(1 ne . 
6. COMPARISON WITH TEST DATA 
A total of 133 experimental stress-strain curves available in the existing literature (Kaitila 2004; Kesti 
2000; Kwon and Hancock 1991; Rasmussen 2006; Rogers and Hancock 1996; Wilkinson 1999; Yan and 
Young 2002; Young and Rasmussen 1995a,b) were used to assess the accuracy of the proposed two-stage 
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stress-strain models. It should be noted that the stress-strain curve predicted by setting rV = 0.1V  and 
using equation (2) for m  is denoted as “proposed model I”, while the stress-strain curve predicted by 
setting rV = 0.2V  and using equation (3) for m  is denoted as “proposed model II”. In obtaining the 
stress-strain curves from the proposed two-stage stress-strain models for comparisons, the values of the 
three basic parameters ( 2.0V , 0E  and n ) reported in the existing literature were used. It is found from 
these comparisons that the proposed stress-strain models are generally in close agreement with the 
experimental stress-strain curves over the full range of tensile strains. Representative comparisons 
between the proposed stress-strain models and the experimental stress-strain curves are shown in Figure 4. 
The whole set of comparisons can be found elsewhere (Huang 2010).  
7. EFFECT OF VARIATIONs IN uV  AND uH
As shown in Section 4, the maximum deviations of the predicted uV  and uH  from the test data are 
about ±10% and ±35% respectively. Thus, it is necessary to examine the effect of variations in predicted 
uV  and uH  on the predicted stress-strain curves up to the upper bound strain (i.e., H =0.02) for general 
structural response. To assess the effect of the variability associated with equations (4) and (5), the 
stressV  at the upper bound strain H =0.02 are predicted by the proposed stress-strain models based on 
given basic parameters and the given variations in uV  and uH . The basic parameters 2.0V  and 0E  ( 2.0V , 
0E  and n ) were assumed to be 400MPa and 200 GPa respectively in all cases, and two limit values of  
n  were considered: the lower limit n =5 and the upper limit n =100. It means two different sets of basic 
material parameters have been considered. By examining predicted values of V  ( 02.0 H ) for the 
chosen values of ( 2.0V , 0E  and n ) in all cases, it is found that a variation of ±10% in uV  leads to a 
maximum variation of ±4.86% in V  (H =0.02) for the proposed model ǿ and ±7.00% in V  ( 02.0 H ) 
for the proposed model ǿǿ. An error of ±35% in uH  leads to a maximum variation of ±2.08% in 
V ( 02.0 H ) for the proposed model ǿ and ±0.11% in V  ( 02.0 H ) for the proposed model ǿǿ. Since 
these deviations in uV  and uH  represent the maximum deviations of the test data, it can be concluded 
that the expressions given by equations (4) and (5) is likely to produce stress-strain curves with maximum 
errors of about ±5% and ±7% in the stress at a strain of 0.02 for the proposed model ǿ and model ǿǿ 
respectively.  
8. CONCLUSIONS 
This paper has presented two new stress-strain models for light gauge carbon steels, which is capable 
of accurate predictions over the full range of tensile strains, as required by advanced finite element 
simulations of cold-formed steel structures. At the first instance, stress-strain curves of light gauge carbon 
steels over the full range of strains need to be characterized using not only the basic Ramberg-Osgood 
parameters but also certain additional parameters which may not be available in existing design 
specification or cannot be obtained from tests due to experimental limitations. In the proposed stress-
strain models, these additional parameters are also defined using the basic Ramberg-Osgood parameters, 
based on careful interpretations of existing experimental data. As a result, the new stress-strain models are 
defined using the basic Ramberg-Osgood parameters alone. The proposed stress-strain models have been 
compared with available experimental stress-strain curves; and in general, close agreement has been 
found over wide ranges of strains. 
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(a)  Grade C350 specimen KJ09-adj1 (Wilkinson 1999) (b)  Grade C450 specimen TS09D-adj1 (Wilkinson 1999) 
 
(a)  Grade C350 specimen KJ09-adj1 (Wilkinson 1999) 
 
(b)  Grade C450 specimen TS09D-adj1 (Wilkinson 1999) 
Figure 4: Nominal stress-strain curves. 
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